ABSTRACT: A segment of Madagascar hepatopancreatic parvovirus (HPV) genomic sequence (5742 nucleotides) was determined through PCR and direct sequencing. This nucleotide sequence was compared to isolates from Australia, Thailand, Korea, and Tanzania, and the mean distance was determined to be 17%. The Madagascar HPV is closest to the Tanzania isolate (12%), followed by isolates from Korea (15%), Australia (17%) and Thailand (20%). Analysis of the genomic structure revealed that this HPV sequence is comprised of one partial Left open reading frame (ORF) (349 amino acids, aa) and complete Mid (578 aa) and Right (820 aa) ORFs. The amino acid sequences of the 3 ORFs were compared among isolates. The Right ORF was found to have the highest variation with a mean distance of 24%. This was followed by the Left and Mid ORF with distances of 13 and 7%, respectively. A phylogenetic analysis based on the amino acid sequence of the Right ORF divides 7 HPV isolates into 3 well-separated groups: Korea, Thailand, and Australia. The Madagascar HPV clustered with the Korea and Tanzania isolates. In Madagascar, HPV has been detected by histological examination since the 1990s. PCR analysis of a recent (2007) sampling showed a 100% prevalence. HPV was also detected in Mozambique with a 100% prevalence. High (95%) prevalence of HPV was found in wild Penaeus merguinesis collected from New Caledonia. These results indicate that HPV displays a high degree of genetic diversity and is distributed worldwide among populations of penaeid shrimp.
INTRODUCTION
Hepatopancreatic parvovirus (HPV) is a shrimp virus that has been linked to growth retardation through statistical correlations (Flegel et al. 1999) , and this indicates that the virus can present a risk to commercial shrimp farming. The virus was discovered in cultured Penaeus merguiensis in Singapore in 1982 (Chong & Loh 1985) and was associated with poor growth and high mortalities (up to 100%) in larval and postlarval P. chinensis, juvenile P. merguiensis and P. semisulcatus (Lightner & Redman 1985 , Lightner 1996 . This virus has since been detected in a number of other penaeid species, both from cultured and wild stocks, around the world. It has been detected in shrimp from IndoPacific Africa, Australia, Asia, and the Middle East (Roubal et al. 1989 , Flegel et al. 1992 , Spann et al. 1997 .
HPV is a small (22 to 24 nm), icosahedral, nonenveloped virus containing a single-stranded linear DNA genome of ca. 6 kb with a hairpin structure at both 5' and 3' ends , Sukhumsirichart et al. 2006 , La Fauce et al. 2007 ). Based on morphological and biochemical characteristics, HPV is taxonomically placed within the family Parvoviridae . It contains 3 large open reading frames (Left, Mid and Right ORF) . The Left ORF may encode a non-structural protein 2 (NS2) of 428 amino acids (aa). The Mid ORF could encode a non-structural protein 1 (NS1) with a length of 579 aa (or 578 aa by La Fauce et al. 2007 ). The Right ORF starts 424 nucleotides (nt) downstream from the Mid ORF and may encode a 820 aa polypeptide that consists of a viral capsid protein (Sukhumsirichart et al. 2006) . One major (57 kDa) and 2 minor (92 and 54 kDa) structural proteins were detected in the viral preparation, indicating a post-translational modification for genesis of the viral capsid protein.
HPV has been suggested to be more similar to the autonomous parvoviruses than to the insect densoviruses based on the genomic structure and the number of capsid proteins . Recently, a marked divergence, 17% difference in nucleotide sequence, was also found when comparing Australia HPV to the Thailand isolate (La Fauce et al. 2007 ). In the present study, we sequenced 91% of the genomic sequence of a Madagascar HPV isolate and compared it with 4 other isolates (Thailand, Australia, Korea, and Tanzania) and showed a 17% (mean) difference. This indicates a high genetic diversity among HPV isolates. In addition, HPV also had a high prevalence (near 100%) in cultured and wild penaeid shrimp collected from West Indian Ocean and New Caledonia. Determination of Madagascar HPV sequence by PCR and DNA sequencing. DNA was extracted from a hepantopancreas sample of penaeid shrimp with a High-Pure DNA template preparation kit (Roche Bioscience) and amplified with HPV-specific primers ( Table 1 ). The amplicons were purified with a QIAquick PCR purification kit (Qiagen) and sequenced using an automatic DNA sequencer (3730 DNA analyzer, Applied Biosystems), at the University of Arizona. Sequencing of 4 PCR amplicons (1.4 to 1.9 kb, Fig. 1 ) has allowed determination of a 5742 nt genomic sequence of Madagascar HPV (GenBank no. EU247528). Analysis of HPV genomic sequence. The nucleotide sequence of HPV was compared among 5 isolates: Korea (GenBank no. AY008257), Thailand (DQ002873), Australia (DQ458781), Tanzania (EU588991), and Madagascar (EU247528). Molecular evolutionary genetics analysis (MEGA) (Tamura et al. 2007 ) was used to estimate nucleotide distances between pairs of sequences using the Kimura 2-parameter method. The amino acid sequences of the Right ORFs were used to construct a phylogenetic tree. Seven isolates were included in the analysis: 5 as described above plus Indonesia (EU290601) and New Caledonia (EU346369). Following multiple sequence alignment, a neighbor-joining phylogenetic tree was constructed (Saitou & Nei 1987) . The data were resampled by 1000 bootstrap replicates to determine the confidence indices within the tree.
MATERIALS AND METHODS

Virus isolate. Samples of HPV-infected
HPV diagnostic PCR. DNA was extracted from hepantopancreas of individual shrimp and amplified by PCR through the use of PuReTaq Ready-To-Go PCR beads (GE Healthcare). The HPV primers are HPV-2F (5'-GGAAGCCTGT-GTTCCTGACT-3') and HPV-2R (5'-CGTCTC-CGGATTGCTCTGAT-3'). The location of the primers is shown in Fig. 1 . The sequence of primers was selected based on the Indonesia isolate (EU290601), and the primers were used to amplify a 595 nt viral fragment. This pair of primers has 1, 5, 4, 5 and 6 mismatched nucleotides to the target sequence in isolates of Madagascar, Tanzania, Korea, Australia, and Thailand, respectively, but proved to be capable of amplifying all 5 isolates. The amplification was carried out as follows: initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s and a final extension at 72°C for 7 min. After PCR, an aliquot of the PCR reaction mixture was visualized in a 1.5% gel and then photographed.
RESULTS
The HPV from infected Penaeus monodon cultured in Madagascar was partially sequenced (5742 nt) by assembling 4 PCR DNA fragments amplified from the viral DNA (Fig. 1) . The sequence contains ca. 91% of the entire viral genome (6321, Sukhumsirichart et al. 2006 ). This Madagascar HPV included a full length of Mid (578 aa) and Right (820 aa) ORFs and a partial Left ORF (349; aa, 428 aa is the full length) (Fig. 1) . The Left and Mid ORFs have different reading frames; the 3' end of Left ORF overlaps (16 nt) with the Mid ORF. The Mid and Right ORFs are in the same reading frame with a 424 nt gap in between. The nucleotide sequence was compared with that of 4 other HPV isolates: Korea, Thailand, Australia, and Tanzania. The results showed an overall mean variation of 17%, with largest distance (21%) between Thailand and Australia isolates (Table  2A) . The pairwise distance comparisons showed that Madagascar HPV is closest to the Tanzania isolate (12%), followed by Korea (15%), Australia (17%), and Thailand (20%).
The amino acid sequence of each ORF was also compared among 5 isolates. For the Left ORF, the overall mean variation is 13%; the Madagascar isolate showed a distance of only 1% to Tanzania, 13% to both Korea and Thailand and increased to 17% to the Australia isolate (Table 2B ). For the Mid ORF, the overall mean variation is the lowest, 7%. Again, the Madagascar HPV is closest to that of Tanzania, 2%, and increased up to 8% to the Thailand isolate (Table 2C ). For the Right ORF, the overall distance is the highest, 24%. The largest distance, 31%, is between the Thailand and Australia isolates (Table 2D) (Fig. 2) . The Madagascar, Tanzania, and Korea isolates were grouped together with a boostrap value of 75%. The New Caledonia and Australia isolates clustered into one group with a bootstrap value of 100%. The New Caledonia isolate showed 90% identical to the Australia isolate in the translated Right ORF aa sequence and has only 71 to 76% identities to Thailand, Korea, Tanzania, and Madagascar isolates. HPV from Indonesia and Thailand are closely related and clustered together with a boostrap value of 100%. The Indonesia isolate has available sequence for the 392 aa at the N-terminus of Right ORF and showed 97% identity with the Thailand isolate. This phylogenetic tree did not group the 4 isolates (Madagascar, Tanzania, Thailand, and Indonesia) from the same host (Penaeus monodon) into one group, and there were no unique aa substitutions that are specific to HPV from infected P. monodon.
There were 328 aa changes within the 821 aa region of the 7 HPV isolates (Fig. 3) , and 250 aa changes (76% of the variable aa) are in the major capsid protein (57 kDa) coding region. The N-terminus of the 57 kDa capsid protein starts at aa 272 (Fig. 3 , alanine residue for the Thailand isolate, Sukhumsirichart et al. 2006) . Comparing the complete Right ORF from 6 isolates (excluding Indonesia), the mean distance for the region encoding the 57 kDa capsid protein (after aa 272) is 29%, higher than the region of 1 to 271 aa, which has a mean distance of 14%.
Within the first one-third of the Right ORF, there is a conserved domain (COG4942) of membrane-bound metallopeptidase present within aa no. 61 to 219. This domain is usually found in the genes of bacteria which are responsible for cell division and chromosome partitioning. However, this conserved domain was also found in an iridovirus that infects fish (Zhang et al. 2004) .
HPV has been found in Madagascar since the early 1990s by histology. The infection by HPV was monitored by PCR in a farm (Farm 1) in Madagascar in 2006. We found 6 out of 13 Penaeus monodon were weakly positive (Fig. 4a) . Strong positive HPV was detected in all 11 samples from Farm 2 in 2007 (Fig. 4b) . HPV was also found in a farm located in Mozambique in 2005 by histological examination (10 out of 27 postlarval and 1 out of 5 juvenile samples examined). However, by PCR, 14 out of 14 samples were strongly positive (Fig. 4c) . The Mozambique HPV isolate was shown to be very similar (98% identical in nucleic acid sequence of a 2.5 kb fragment of Right ORF) to the Madagascar isolate. HPV was also detected in wild populations of P. merguiensis collected in 2006 in New Caledonia, with 19 out of 20 individual shrimp positive for HPV (Fig. 4d) .
DISCUSSION
A 5.6 kb genomic sequence was compared among HPV isolates and a high level of genetic variation (mean distance: 17%) was revealed (see Table 2A ). The highest nucleotide variation was found in the region of Right ORF, which encodes the major capsid protein. Although a limited number of HPV isolates are used in the present study, based on the phylogenetic tree constructed from the amino acid sequence of the Right ORF, we tentatively divided the isolates into 3 genotypes: 1 (Korea), 2 (Thailand), and 3 (Australia). The variation appears to be primarily associated with the geographic distribution of the host. For example, HPV samples collected from Queensland, Australia, and New Caledonia, which are both in the South Pacific and separated by only ca. 600 miles (ca. 1000 km), clustered together. Similarly, isolates from Thailand and Indonesia, both in the South Pacific and separated by a few hundred miles (ca. 350 km), clustered together. An exception was the cluster that contained the isolates from Madagascar, Tanzania, and Korea. However, the bootstrap value was low, only 75%, for this grouping and should be considered tentative until more isolates are analyzed.
HPV appears to have greater genetic diversity than other shrimp viruses. For example, infectious hypodermal and hematopoietic necrosis virus (IHHNV), another parvovirus, displays only 4% variation in nucleotide sequences (Tang et al. 2003) , and Taura syndrome virus (TSV), a dicistrovirus, shows less than 6% difference in nucleotide sequence among isolates (Tang & Lightner 2005) . The higher variation in HPV may reflect the fact that it is found over a much wider geographic area than the others. HPV has been found in samples of penaeid shrimp collected from Africa, Australia, and Asia. IHHNV, on the other hand, is known to originate from Asia and was introduced to stocks in the Western Hemisphere (Lightner 1999 , Tang et al. 2003 . Similarly, TSV was discovered in Ecuador and had since spread to the Americas and to Southeast Asia. Severity of HPV infection varies with life stage and most readily infects larvae, postlarvae and very early juveniles (Lightner 1996) . Our laboratory infection of juvenile (0.5 to 1 g) Penaeus monodon with Madagascar HPV through per os exposure was not successful (data not shown). In contrast, postlarvae of P. monodon became infected through per os exposure, and the percentage of shrimp infected did not increase as the shrimp developed into the juvenile stage.
Although HPV may be highly infectious in wild populations, its effects on shrimp growth are not clear. A high prevalence of HPV was found in wild populations of Penaeus merguinesis in New Caledonia (95%, Fig. 4D ) and P. monodon in Madagascar (over 90% by histology, M. Le Groumellec pers. comm). This suggests that, in the wild, HPV is very transmissible, but reports of the impact of this virus on farmed shrimp are conflicting. HPV has been linked to growth reduction of farmed P. monodon in Thailand (Flegel et al. 1999);  in Madagascar, HPV infection appears to have no negative effect on shrimp growth (M. Le Groumellec, AQUALMA, Madagascar, pers. comm.). The different effects reported from different areas may be related to differences among viral genotypes, host populations and/or farming practices. For example the Thailand isolate differs from the Madagascar isolate by 20% in nucleotide sequence and was shown to be a different genotype. Another possibility is that this results from the difference in the host populations. It has been shown that the population of P. monodon in the Indian Ocean is genetically different from the Western Pacific Ocean population (Duda & Palumbi 1999) . Also, the high stocking density is shown to result in reduced growth due to competition for space and food (Maguire & Leedow 1983) . Farmed shrimp are stocked at a density of 10 to 15 m -2 in Madagascar and, generally, over 75 m -2 in Thailand. The stunted growth reported in HPV-infected P. monodon cultured in Thailand may be related to the high stocking density.
In hatcheries, HPV transmission usually occurs during spawning, the eggs being contaminated by feces from the broodstock. This can be reduced by egg/nauplii disinfection procedures (FAO 2007) , such as practiced in Farm 1 in Madagascar, where only ca. half the farmed population was infected and then only weakly positive (Fig. 4A) . The effects of Madagascar HPV on shrimp growth need to be clarified through controlled experiments. This is important because African stocks of Penaeus monodon are often used as broodstock in other areas of the world. This is because African P. monodon stocks are known to be free of the major infectious shrimp viruses: white spot syndrome virus (WSSV), TSV, IHHNV, yellow head virus (YHV), and 
